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Abstract
The reactions pp→ pΛK+ and pp→ pΣ0K+ are studied near their thresholds. The
strangeness production process is described by the pi- and K exchange mechanisms.
Effects from the final state interaction in the hyperon-nucleon system are taken into
account rigorously. The Λ production turns out to be dominated by K exchange
whereas K- as well as pi exchange play an important role for the Σ0 case. It is shown
that the experimentally observed strong suppression of Σ0 production compared to
Λ production at the same excess energy can be explained by a destructive interfer-
ence between pi and K exchange in the reaction pp→ pΣ0K+. Implications of such
an interference on the reaction pp→ nΣ+K+ are pointed out.
Recently the total cross sections for the reactions pp → pΛK+ and pp →
pΣ0K+ were measured for the first time in the threshold region [1–3]. Cer-
tainly the most interesting aspect of these new data is the observed strong
suppression of the Σ0 production in comparison to the Λ channel: at the same
excess energy the cross section for the Σ0 production is about a factor of 25
smaller than the one for the Λ production [3]. This is indeed rather surprising,
specifically because data at higher energies [4,5] indicate that the cross section
for Λ production exceeds the one for Σ0 production only by a factor of around
2.5.
In principle, this strong suppression of the Σ0 production compared to the Λ
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case can be understood if one assumes that the hyperon production is solely
due to the K-exchange diagram, depicted in Fig. 1(a). In this case the same el-
ementary (K+p) re-scattering amplitude enters in the two reactions. Therefore
the ratio σΛ/σΣ0 := σpp→pΛK+/σpp→pΣ0K+ will be given essentially by the ratio
of the coupling constants at the vertices from which the K meson emerges,
i. e. by g2ΛNK/g
2
ΣNK . These coupling constants are not very well known ex-
perimentally. However, they can be inferred from SU(3) flavour symmetry -
a symmetry which, so far, has been rather successfully employed in investi-
gations of reactions involving hyperons. Specifically according to SU(6) this
ratio is 27 [6], a value which coincides almost exactly with the experimental
cross section ratio.
None-the-less, already a simple estimation of the elementary scattering pro-
cesses (K+p → K+p and π0p → K+Λ, K+Σ0, respectively) based on exper-
imental amplitudes reveals that the contribution of the π-exchange diagram
(Fig. 1(b)) to hyperon production should be not negligible, cf. Ref. [3]. Strong
evidence for the relevance of π–exchange comes also from more detailed model
calculations [7–12]. (It should be said, however, that most of these studies fo-
cus on data at rather large excess energies or look at the Λ channel only.)
Indeed the Λ/Σ0 production ratio estimated in Ref. [3], considering K- as well
as π exchange, is roughly 3.6, i.e. about a factor of 8 below the measurement.
Because of this situation another explanation for the observed suppression of
the Σ0 production was suggested in Ref. [3], namely effects from the strong
ΣN final state interaction (FSI) leading to a ΣN → ΛN conversion. (Note
that such FSI effects have been ignored in the above discussion altogether!)
Evidence suggesting this conversion hypothesis can be readily found in the
literature. E.g., the predictions of modern meson-theoretical models of the
hyperon-nucleon Y N interaction for the ΛN cross section show a large cusp
structure at the ΣN threshold, which arises from the strong coupling between
the ΛN and ΣN channels in those models [13,14]. Inclusive measurements
of K+ production in the reaction pp → K+X at 2.3 GeV show a significant
enhancement near the ΣN threshold [15]. Finally, data on the reaction K−d→
π−Λp show a sharp peak at an effective mass of mΛp ≈ 2130 MeV/c2, i.e. at
the ΣN threshold [16]. (Cf. also corresponding theoretical investigations in
Refs. [17,18].) Thus, it is obvious that there is a strong enhancement of the Λ
counting rate in those reactions. However, it is much less clear whether this
enhancement is indeed due to produced “real” Σ’s being converted into Λ’s in
the FSI so that the number of experimentally observed Σ’s in any exclusive
measurement will be greatly reduced.
In the present paper we want to study the Λ and Σ0 production cross section
in pp collisions near threshold. Thereby our emphasis will be on a careful
treatment of the FSI. Specifically we want to investigate in detail possible
effects from the Σ ↔ Λ conversion. In order to have a solid basis for our
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study we employ microscopic Y N interaction models from the Ju¨lich [13] and
Nijmegen [14] groups. The Ju¨lich Y N model is derived in the meson-exchange
picture and has been constructed according to the same guidelines as those
used in the Bonn NN potential [19]. The model is given in momentum space
and contains the full nonlocal structure resulting from the relativistic meson
exchange framework. The parameters at the NN vertices (coupling constants
and cutoff masses in the form factors) are taken from the Bonn potential.
The coupling constants at the strange vertices are determined from SU(6)
symmetry relations. The only free parameters in this model are the cut-off
masses of the form factors at the strange vertices - which are determined by
a fit to the empirical hyperon-nucleon data. The model describes existing ΛN
and ΣN observables reasonably well as can be seen in Ref. [13].
Besides the Ju¨lich model we will also employ potential models provided by
the Nijmegen group [14]. This will allow us to investigate the model depen-
dence of our results. The Nijmegen NSC97 potentials provide a comparably
good description of the available Y N data. However, there are quite signifi-
cant differences in the dynamical input of the Nijmegen models and that of
the Ju¨lich group as discussed, e.g., in Ref. [20]. Thus, it is possible that these
differences play a role in the present analysis, specifically because in the asso-
ciated strangeness production it will be mostly the off-shell properties of these
Y N models that enter into the calculation.
We treat the associated strangeness production in the standard distorted wave
Born approximation. Thus, the production amplitude M is obtained from the
formal equation
M = A + AG0TY N , (1)
where A is the elementary production process (π- and/or K exchange, Fig. 1),
TY N the interaction in the final state, and G0 the free Y N propagator. Note
that the second term on the right-hand side involves, in fact, a sum over the
(coupled) ΛN and ΣN states. This can be seen from the graphic representation
of Eq. 1 in Fig. 2 (for the case of Λ production).
Following standard rules [21] one gets the following expression for the anti-
symmetrized Born amplitudes,
Aµ1µ2µ3µ4K (~p1, ~p2; ~p3, ~p4) =FK(~p3 − ~p1)Γµ1µ3NYK
2ωK
k2K −m2K
T µ2µ4KN
− (~p1 ↔ ~p2, µ1 ↔ µ2) (2)
Aµ1µ2µ3µ4π (~p1, ~p2; ~p3, ~p4) =Fπ(~p4 − ~p1)Γµ1µ4NNπ
2ωπ
k2π −m2π
T µ2µ3πN→KY
− (~p1 ↔ ~p2, µ1 ↔ µ2) (3)
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where the µi (~pi) are the spin projections (momenta) of the baryons, kK
and kπ are the four momenta of the exchanged kaon and pion, and ωK =√
(~p3 − ~p1)2 +m2K and ωπ =
√
(~p4 − ~p1)2 +m2π are their energies. TKN and
TπN→KY are the amplitudes of the corresponding elementary reactions. ΓNYK
and ΓNNπ are vertex functions for the corresponding baryon-baryon-meson
vertices,
Γµiµj = i
fBiBjM
mM
1
(2π)3/2
1√
2ωM
NiNj
× χ†µj~σ ·
[
~kM − ωM
(
~pi
ǫpi
+
~pj
ǫpj
)
+
(
~pi
2~pj − ~pj2~pi
ǫpiǫpj
)]
χµi (4)
where ǫpi = Epi +mi and Ni =
√
ǫpi
2Epi
, and FK and Fπ are form factors which
are assumed to be of monopole type, i.e. FM (~k) = (Λ
2
M −m2M)/(Λ2M + ~k2).
The total cross section is obtained from
σ =
1
4v
∑
µi,µf
∫
d3p3d
3p4d
3pK+(2π)
4δ(4)(Pf − Pi)|Mi→f |2 (5)
where p+K is the momentum of the produced kaon and v is the relative velocity
of the two initial protons.
The vertex parameters employed in the present study are compiled in Table 1.
For the calculation with the Ju¨lich Y N interaction we take the same values
that were used in this model. In case of the Nijmegen model we take over
only their coupling constants but not their vertex form factors. For simplicity
reasons we use here also a monopole form - but with a uniform cutoff parameter
of Λ = 1.3 GeV.
The elementary amplitudes TKN and TπN→KY can be taken from microscopic
models of KN scattering [22] and of the reaction πN → KΛ, KΣ [23] that
were developed by our group. However, since in the present more exploratory
study we would like to focus mainly on the FSI effects we will restrict ourselves
to a simplified treatment of the production amplitude. Thus, instead of the
full (off-shell) KN and πN → KY transition amplitudes we use the scatter-
ing length and on-shell threshold amplitudes of those reactions. The off-shell
extrapolation of the amplitudes is done by multiplying those quantities with
the same form factor that is used at the vertex where the exchanged meson is
emitted. Furthermore we take into account only s waves. For the KN s-wave
scattering lengths we employ the values a0 = −0.038 fm and a1 = −0.304 fm
(for the isospin 0 and 1 states) resulting from our KN model [22], which are
in good agreement with experimental information [24]. For the πN → KY
amplitudes we use fπ0p→K+Λ = (−0.06 + i0.48) × 10−1 fm, fπ0p→K+Σ0 =
4
(0.45− i0.35)× 10−1 fm, and fπ+p→K+Σ+ = (−0.11 + i0.21)× 10−1 fm. The
value for the first reaction yields |fπ0p→K+Λ|2 = 29 µb/sr which is comparable
to the number deduced by Fa¨ldt and Wilkin [25] from π−p data [26]. For the
other reactions we get |fπ0p→K+Σ0|2 = 33 µb/sr and |fπ+p→K+Σ+ |2 = 5.7 µb/sr.
¿From those scattering amplitudes the T-matrices are obtained via the relation
fMB→M ′B′ = −4π2
√
EBωMEB′ωM ′
EB + ωM
TMB→M ′B′ (6)
using the threshold kinematics.
Since we will concentrate on energies very close to the thresholds we consider
only the lowest partial waves in the outgoing channels; the Λp and Σ0p system
can be in an 1S0 or in a
3S1 state and the K
+ is assumed to be in an s-wave
relative to the Y N state. Angular momentum and parity conservation then
tells us that the initial pp system has to be in the 3P0 or in the
3P1 state. Note
that the 3S1 partial wave couples to the
3D1 and this coupling is taken into
account in our calculations.
We do not take into account the initial state interaction (ISI) between the
protons. Based on a recent examination of the influence of the ISI for the
reaction pp → ppη by Batinic´ et al. [27] we expect that the neglection of
the ISI should result in an overestimation of the cross sections by a factor
of around 3 in our calculation (cf. also Ref. [28]). But since the thresholds
for the Λ and Σ0 production are relatively close together (at Tlab = 1582
MeV and at Tlab = 1796 MeV) and, moreover, the energy dependence of the
NN interaction is relatively weak in this energy region we expect that the
ISI effects are very similar for the two strangeness production channels and
therefore should roughly drop out when ratios of the cross sections are taken.
Thus, we believe that our model calculation allows a quite reliable estimation
of σΛ/σΣ0 . The same is also true for a comparison of the relative magnitude
of the pion- and kaon-exchange contributions.
The FSI increases considerably the number of contributing amplitudes as can
be seen from the graphs shown in Fig. 2. Besides the Born terms (Fig. 2a,e)
there are contributions from the ”diagonal” FSI (Fig. 2b,f) and from the tran-
sitions with pΣ0 and nΣ+ intermediate states (Fig. 2c,g and d,h, respectively).
All these contributions have to be added coherently for the evaluation of the
production cross section. In order to investigate the influence of the FSI in
detail and to clarify the roles played by the π- and K-exchange we have also
evaluated the contributions of the individual diagrams and compiled them in
Tables 2 (for the Ju¨lich model A) and 3 (for the Nijmegen model NSC97f).
The analysis is done for the data at the highest available excess energy, i.e.
13.2 MeV for the Λ production and 13.0 MeV for the Σ0 production.
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Let us first discuss the K exchange. The cross section ratio resulting from the
Born diagram alone is around 16 for the Ju¨lich model, cf. Table 2. Based on
the ratio of the coupling constants (Table 1) one would have expected a value
close to 27. However, one has to keep in mind that a much harder form factor
is employed at the ΣNK vertex than at the ΛNK vertex (cf. Ref. [13]) which
obviously has a strong impact on the actual results. Now we add the amplitude
of the ”diagonal” FSI which means diagram (b) of Fig. 2 for Λ production and
diagrams with Σ+n and Σ0p intermediate states for Σ0 production. This is
the step where a possible conversion effect ΣN → ΛN should become visible.
The employed ΣN t-matrix is the solution of the coupled-channel scattering
equation and therefore includes the flux going from the ΣN to the ΛN system.
Indeed the consideration of the ”diagonal” FSI enhances the cross section of
the Λ channel and reduces the one of the Σ0 channel. As a consequence,
the resulting cross section ratio becomes significantly larger than the value
obtained from the Born term and is even close to the experimental value, cf.
Table 2. In the final step we add the diagram where a transition ΣN ↔ ΛN
occurs in the FSI (cf, Fig. 2c,d). This leads to further modifications in the
cross sections and to a further increase in cross section ratio.
In case of pion exchange the Born diagrams yield a cross section ratio of 0.9.
This value is somewhat larger than the estimate presented in Ref. [3] because
now the isospin 3
2
component of the πN → KΣ amplitude was taken into
account as well. Adding the FSI step by step increases the cross section ratio
somewhat, but it remains far below the experiment.
Thus, it’s clear that, in principle, K exchange alone can explain the cross
section ratio - especially after inclusion of FSI effects. However, we also see
from Table 2 that π exchange definitely yields a significant contribution to
the Σ0 channel and therefore it cannot be ignored. Indeed, the two production
mechanisms play quite different roles in the two reactions under consider-
ation, cf. Table 2. K exchange yields by far the dominant contribution for
pp → pΛK+. Here the cross section obtained from π exchange is about an
order of magnitude smaller. In case of the reaction pp → pΣ0K+, however,
π- and K exchange give rise to contributions of comparable magnitude. This
feature becomes very important when we now add the two contributions co-
herently and consider different choices for the relative sign between the π and
K exchange amplitudes. In one case (indicated by “K + π” in Table 2) the π
and K exchange contributions add up constructively for pp→ pΣ0K+ and the
resulting total cross section is significantly larger than the individual results.
For the other choice (indicated by “K − π”) we get a destructive interference
between the amplitudes yielding a total cross section that is much smaller.
Consequently, in the latter case the cross section ratio is much larger and, as
a matter of facts, in rough agreement with the experiment (cf. Table 2).
In this context it is interesting to look at corresponding results for the reaction
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pp→ nΣ+K+. At the excess energy of 13 MeV the predicted cross sections are
86 (“K+π”) and 229 nb (“K−π”), respectively. Thus, the interference pattern
is just the opposite as for pp → pΣ0K+, cf. Table 2. For the “K − π” case
favoured by the experimental σΛ/σΣ0 ratio our calculation yields a cross section
for pp→ nΣ+K+ that is about 3 times larger then the one for pp→ pΣ0K+.
Such a ratio is in fair agreement with data and model calculations at higher
energies, see, e.g. Ref. [7]. The other choice, “K + π”, leads to a σΣ+ that
is a factor of about 3 smaller than σΣ0 - a result which is rather difficult to
reconcile with the present knowledge about these reactions at higher energies.
Obviously it would be very interesting to determine also the ratio σΣ+/σΣ0
close to threshold. It could be measured at, e.g., the COSY facility in Ju¨lich
[29].
The results based on the Nijmegen model NSC97f [14] are compiled in Ta-
ble 3. It is evident that the actual values of the cross sections as well as for
the ratios are rather different from those obtained with the Ju¨lich Y N in-
teraction. Most strikingly the FSI (i.e. conversion effects) no longer leads to
an enhancement of the cross section ratio in case of K exchange but to a
reduction. Consequently, neither K- nor π exchange lead to a ratio anywhere
near to the experimental value. On a qualitative level, however, the results
are still very similar. Again K exchange is the dominant production mecha-
nism for the reaction pp → pΛK+, whereas for pp → pΣ0K+ K- as well as
π exchange yield contributions of comparable magnitude. Thus, like for the
Ju¨lich model, a large cross section ratio σΛ/σΣ0 can only be achieved if there
is a destructive interference between the K- and π exchange in the reaction
pp → pΣ0K+ (though such an interference does not occur anymore for the
same specific phase between the K- and π exchange as chosen for the Ju¨lich
model, cf. Table 3).
We have also carried out calculations utilizing the other Y N models presented
in Ref. [14] (NSC97a-e). The pertinent results exhibit again strong variations
in the details. But qualitatively they are similar to the ones discussed above
and therefore confirm our findings. Thus we refrain from showing them here
explicitly.
Evidently, the results for the cross sections as well as of the ratios depend
significantly on the employed FSI. Accordingly, the good agreement of the
predictions based on the Ju¨lich Y N model A with the experiment is certainly
accidental. But the important message following from our investigation is that
only a destructive interference between π and K exchange can yield fairly
large cross section ratios and therefore does offer a possible explanation for
the experiment. If the two production mechanisms add up constructively there
is little chance of ever coming anywhere close to the experimental value of the
ratio, as can be seen from the Tables. We should emphasize, however, that our
findings are based on the assumption that π and K exchange are the dominant
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mechanisms for associated strangeness production. This postulate is certainly
not unreasonable as demonstrated by the success of earlier investigations on
the reaction pp→ pΛK+ [7,8,10]. But it is conceivable that other production
mechanisms like the direct production or the exchange of heavier mesons,
specifically of the vector mesons ρ and K∗, play a role as well [9,11]. This, of
course, leads to quite a different scenario and it is certainly desirable to carry
out investigations in this direction in the future.
In Fig. 3 we show the total cross sections as a function of the excess energy for
the “K−π” case and with the Ju¨lich Y N model as the FSI. It is clear from Ta-
ble 2 that our model calculations overestimates the absolute values of the em-
pirical cross sections by roughly a factor 4. This is not too surprising because,
as already mentioned earlier, effects from the ISI are not taken into account.
Therefore, we normalized the results by the factors 0.25 (pp → pΛK+) and
0.30 (pp → pΣ0K+), respectively. Then it can be easily seen that the model
calculations yield an energy dependence that is in rather nice agreement with
the experiment. This suggests that, like in the case of pion production [30,31],
the energy dependence of the cross section is primarily influenced by the FSI
between the baryons and that effects from other possible FSI’s (in the KN
and/or KY systems) play a minor role.
In summary, we have studied the reactions pp → pΛK+ and pp → pΣ0K+
near their thresholds. The strangeness production process is described by the
π- and K exchange mechanisms. Effects from the final state interaction in the
hyperon-nucleon system are taken into account rigorously. Our study suggests
that the Λ production is dominated by K exchange whereas K- as well as π ex-
change play an important role for the Σ0 case. Furthermore we found that the
experimentally observed large cross section ratio σpp→pΛK+/σpp→pΣ0K+ (at the
same excess energy) of around 25 cannot be explained by FSI effects. Rather
we conclude from our investigation that a destructive interference between π
and K exchange in the reaction pp→ pΣ0K+ could be the origin of the strong
suppression of Σ0 production.
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Table 1
Vertex parameters used in the present calculation. In case of the Ju¨lich Y N inter-
action the same values are used as in the model [13]. For the Nijmegen potential
only the coupling constants are taken over from Ref. [14].
Ju¨lich model A Nijmegen model NSC97f
V ertex g/
√
4pi f/
√
4pi Λ [GeV ] g/
√
4pi f/
√
4pi Λ [GeV ]
NNpi 3.795 0.282 1.3 3.671 0.273 1.3
NΛK -3.944 -0.268 1.2 -4.925 -0.335 1.3
NΣK 0.759 0.0497 2.0 1.501 0.0983 1.3
Table 2
Contributions of different diagrams to the total cross section of the reactions pp→
pΛK+, pΣ0K+. The results for Λ (Σ0) production are for the excess energy of 13.2
MeV (13.0 MeV). The Ju¨lich Y N model A [13] is employed for the final-state
interaction. The indication for the diagrams refers to Fig. 2. In case of “diagonal”
only the diagonal channel is included in the intermediate state, i.e. only pΛ for Λ
production and pΣ0 and nΣ+ for Σ0 production.
diagrams σpp→pΛK+ [nb] σpp→pΣ0K+ [nb]
σ
pp→pΛK+
σ
pp→pΣ0K+
(a) 739 46 16
K “diagonal” 1113 34 33
(a)-(d) 2426 57 43
(e) 71 77 0.9
pi “diagonal” 113 104 1.1
(e)-(h) 113 105 1.1
”K + pi” all 2471 251 9.9
”K − pi” all 2607 73 36
experiment 505 ± 33 20.1 ± 3.0 25 ± 6
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Table 3
Same as in Table 2 employing the Nijmegen Y N model NSC97f [14] for the final-
state interaction.
diagrams σpp→pΛK+ [nb] σpp→pΣ0K+ [nb]
σ
pp→pΛK+
σ
pp→pΣ0K+
(a) 1598 116 14
K “diagonal” 1207 109 11
(a)-(d) 1367 209 6.5
(e) 67 73 0.91
pi “diagonal” 63 190 0.33
(e)-(h) 63 219 0.29
”K + pi” all 1460 432 3.4
”K − pi” all 1400 424 3.3
experiment 505 ± 33 20.1 ± 3.0 25 ± 6
12
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Fig. 1. Mechanisms for the reactions pp→ pΛK+, pΣ0K+ considered in the present
investigation: (a) kaon exchange; (b) pion exchange.
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Fig. 2. Contributions to the production amplitude for pp → pK+Λ when the fi-
nal-state interaction is included, cf. Eq. (1). The open circles and ellipses stand for
T-matrices.
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Fig. 3. Total cross sections for the reactions pp→ pΛK+ and pp→ pΣ0K+ employ-
ing the Ju¨lich Y N model for the FSI. The shown results correspond to the choice
“K−pi” for the relative sign, cf. text. The curves for pp→ pΛK+ and pp→ pΣ0K+
are normalized by a factor of 0.25 and 0.30, respectively, in order to account for
effects of the inital state interaction - as described in the text. The experimental
data are from Refs. [1] (filled circles) and [3] (open circles).
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